We present a demonstration of the unambiguous determination of two-photon absorption ͑2PA͒ and three-photon absorption ͑3PA͒ in semiconductor quantum dots in the vicinity of E 0 / 2, where E 0 denotes the peak position of the lowest exciton energy. In the spectral region where photon energies ប Ն E 0 / 2, the 2PA cross section is determined by open-aperture Z scans with femtosecond laser pulses at relatively lower irradiances, and then the 3PA cross section is extracted from the Z scans measured at higher irradiances. As photon energies are less than but near E 0 / 2, multiphoton-excited photoluminescence techniques have to be employed in conjunction with open-aperture Z scan to distinguish between 2PA and 3PA. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3049132͔ Different mechanisms can produce nonlinear optical effects in a material, in particular, changes in its absorption coefficient. Among the mechanisms responsible for these changes, multiphoton absorption ͑MPA͒ has attracted attention due to its applications in multiphoton biomedical imaging, optical limiting, etc.
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1,2 MPA is a process in which several photons are absorbed simultaneously to excite an electron from a lower state to an upper state in the material. In bulk semiconductors, two-photon absorption ͑2PA͒ dominates in the spectral region where photon energies ͑ប͒ are below the band-gap energy ͑E g ͒ but greater than E g / 2, whereas three-photon absorption ͑3PA͒ manifests itself primarily in the region of E g / 3 Ͻប Յ E g / 2. As a result, 2PA or 3PA in bulk crystals can be studied unambiguously in experiments. This is not the case for an ensemble of semiconductor quantum dots ͑QDs͒. Due to their inhomogeneous dot sizes, the lowest exciton, 1S 1/2 ͑e͒ → 1S 3/2 ͑h͒, spreads over a spectral range centered at E 0 with a bandwidth depending on the size dispersion. As photon energies are in the vicinity of E 0 / 2, 2PA and 3PA may occur concurrently, giving rise to challenges in their measurement. Herein we demonstrate a methodology for the unambiguous determination of 2PA and 3PA of semiconductor QDs dispersed in a matrix, in particular, colloidal ZnSe QDs at photon energies in the vicinity of E 0 / 2. Recently, colloidal ZnSe QDs have received increasing attention because of their less toxicity compared to the Cd series of QDs and higher quantum yield of dopant-related photoluminescence ͑PL͒.
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In a system whereby both 2PA and 3PA contribute to measurements such as Z scans, the wave irradiance equation is described by
where I is the irradiance, zЈ is the propagation length, and ␣, ␤, and ␥ are the small-signal absorption coefficient, 2PA coefficient, and 3PA coefficient, respectively. The analytical solution to Eq. ͑1͒ for open-aperture Z scans is given by
͑2͒
where
͒ is related to ␤ ͑or ␥͒, and a n , b n , and c n are constants. 6 Although there are two unknown parameters ͑␤ and ␥͒, they can be determined unambiguously in the following way. At relatively lower irradiances, one can obtain the 2PA coefficient by ignoring 3PA. The 3PA coefficient can then be extracted by fitting Eq. ͑2͒ to the measurements at higher irradiances. This analytical method will be applied to distinguish 3PA from 2PA in colloidal ZnSe QDs, described below, at photon energies of ប Ն E 0 / 2 where 2PA plays a dominant role. In the case of ប Յ E 0 / 2, multiphoton-excited PL measurements have to be employed in conjunction with openaperture Z scans for the unambiguous determination of 2PA and 3PA coefficients.
We demonstrate the above-mentioned method on highquality ZnSe/ZnS core-shell colloidal QDs. To enhance the PL quantum yield, some of the QDs are doped with copper and manganese ions. The doped QDs are coated with an organic layer of mercaptopropionic acid, while the undoped QDs are capped with glutathione. 5, 7 In the doped QDs, 1 mol % of Zn atoms in the core are substituted by Cu 2+ or Mn 2+ ions. The transmission electron microscopy ͑TEM͒ images ͑not shown here͒ confirm that the overall particle size, including the core, shell, and organic coating, is ϳ4 nm, and the size dispersion is less than 20%. Their UV-visible absorption spectra in Fig. 1͑a͒ can be fitted with a series of inhomogeneous broadened Gaussian bands. The peak positions of the lowest excitons, 1S 1/2 ͑e͒ → 1S 3/2 ͑h͒, are tabulated in Table I . The band-edge emission of the ZnSe core is completely quenched, regardless of single-or multiphoton excitation. The trapping-state-related emission in the undoped QDs is centered at 498 nm, while the emission from Cu 2+ or Mn 2+ ions in the doped QDs is peaked at 520 or 590 nm, respectively. The broad PL peaked at 520 nm for the Cu-doped QDs has been attributed to the recombination between an excited electron and the hole from the d-orbital of a Cu 2+ ion. 8 The broad emission at 590 nm from the Mndoped QDs has been assigned to the 4 T 1 → 6 A 1 transitions of Mn 2+ ions. 9 The quantum yields ͑ QD ͒ are determined to be ϳ1.5%, 22%, and 26%, respectively, for the undoped, Mndoped, and Cu-doped QDs.
The above-mentioned QDs have been dispersed in water and have been contained in 1-mm-thick quartz cells for open-aperture Z scans with femtosecond laser pulses. 5 It should be emphasized that all the Z scans were conducted with laser irradiances below the damage thresholds; this was ensured by the same absorption and/or PL spectra measured before and after the femtosecond laser radiation. The capping agent in water was also Z scanned, confirming that its nonlinear absorption contribution was negligible under the same experimental conditions. Typical Z scans are illustrated in Fig. 2 . If we assume that ␥ is zero, the effective 2PA coefficients extracted from fitting Eq. ͑2͒ to the Z scans at 700 nm are linearly dependent on the irradiance ͓see Fig. 2͑c͔͒ . This clearly demonstrates that other nonlinear processes are present. The linear dependence cannot be explained by 2PA-induced intraband absorption because the 2PA-excited electron-hole pairs are less than unity per QD under our experimental condition. 10 From Eq. ͑1͒, the effective 2PA coefficient is derived to be ␤ eff = ␤ + ␥I, which is indicative of the linear dependence on the irradiance. The ␤ value can be determined unambiguously from the intercept of the linear line on the vertical axis in Fig. 2͑c͒ . The 2PA cross section, 2 , can then be obtained from 2 = ␤ប / N QD , where N QD is the concentration of QDs. With the determined 2PA coefficient, the 3PA coefficient is extracted from fitting Eq. ͑2͒ to the Z scan. Correspondingly, the 3PA cross section ͑ 3 ͒ is calculated by 3 = ͑ប͒ 2 ␥ / N QD . As the laser wavelength is tuned to 800 nm, it is expected that 3PA should play a dominant role in the Z scans because the photon energy is less than E 0 / 2. If ␤ is set as zero, the best fits between Eq. ͑2͒ and the Z scans generate the effective 3PA coefficients. Figure 2͑d͒ shows that the effective 3PA coefficients are independent of the laser irradiance within the experimental uncertainty, implying the insignificance of 2PA. It should be pointed out that this finding is obtained in the high-irradiance regime ͑100 GW/ cm 2 or higher͒. But it cannot rule out the 2PA contribution to multiphoton-excited PL measurements at lower laser irradiances. The details of multiphoton-excited PL measurements can be found elsewhere. 5 Under relatively low excitation irradiances ͑2 GW/ cm 2 or less͒, the 800 nm excited PL is shown in Fig. 1͑b͒ . The inset depicts the quadratic power dependence for all the PL signals. The quadratic power dependence might have resulted from 2PA or Auger recombination. Under such low pump intensity, the average electronhole pairs generated by 2PA are calculated to be much less than unity per QD. As such, Auger recombination is insignificant. To precisely determine the 2PA cross section, a standard sample ͓Rhodamine 6G ͑R6G͒, 10 −4 M in methanol͔ has been measured under the same experimental conditions. For R6G, the PL quantum yield, R6G , and the 2PA cross section, Experimental uncertainly: Ϯ50%. Size dispersion of QDs: Յ20%.
FIG. 2.
͑Color online͒ Open-aperture Z scans on Mn-doped ZnSe/ZnS QDs at ͑a͒ 700 nm and ͑b͒ 800 nm with effective 2PA and 3PA coefficients, respectively, in ͑c͒ and ͑d͒.
2 R6G , are known to be 0.95 and 2 ϫ 10 −48 cm 4 s / photon at 800 nm, respectively.
11 With these two known values, the 2PA cross section of the QDs is determined by utilizing the ratio of the PL signal from the QDs to R6G, 2 QD N QD QD / ͑ 2 R6G N R6G R6G ͒, where N R6G is the concentrations of R6G. The 2PA coefficients are inferred from ␤ = 2 N QD / ប. With the known 2PA coefficient, the intrinsic 3PA coefficient is unambiguously determined by fitting Eq. ͑2͒ to the Z scans at 800 nm. The intrinsic 3PA coefficients are the same as the effective 3PA coefficients within the experimental error. The red line in Fig. 3͑a͒ shows that the magnitude of 2PA is less than 0.5% in the normalized transmittance, and hence, it explains why 2PA is insignificant in the Z scans. It should be pointed out that the contribution from 2PA or 3PA is dependent on the excitation irradiance. At relatively lower irradiances ͑Ͻ2 GW/ cm 2 ͒, the ratio of 3PA-to 2PA-excited PL is 3 I / 2 Ͻ 0.1, which suggests that 3PA is negligible. Figure  3͑b͒ illustrates the dominance of three-photon-excited PL over two-photon-excited PL in the red region where 3 I / 2 Ͼ 5. Recently, Lad et al. 4 measured the 2PA cross sections to be on the order of 10 −47 cm 4 s photon −1 for ZnSe QDs or ZnSe/ZnS QDs in 4.3 nm size without considering the contribution from 3PA. If we use 2 eff = 2 + 3 I / ͑ប͒ to calculate the effective 2PA cross sections from our experiments for the undoped QDs at 700 nm and ϳ100 GW/ cm 2 , we obtain 2 eff Ϸ 1 ϫ 10 −47 cm 4 s photon −1 , the same order of magnitude as theirs.
Recent theoretical calculations for 2PA in QDs are largely in agreement with experiments. 12, 13 By applying the four-band model, 12 we have calculated that the change in the 2PA of ZnSe QDs is less than 20% if the dot size decreases from 4.4 to 4.1 nm, which is undetectable by comparing to our experimental uncertainty of 50%. As shown in Table I , the 2PA cross sections in the doped QDs are enhanced by approximately five times compared to the undoped QDs. Such enhancement partially originates from the introduction of metal-ion states in the doped QDs and partially results from enhanced trap states due to the distortion in the ZnSe crystal structure by the presence of impurities. 9 A decrease of ϳ30% in the 3PA cross section of ZnSe QDs is also theoretically predicted as their sizes are reduced from 4.4 to 4.1 nm.
14 Such size dependence is too small to be detectable. In comparison to the undoped ZnSe QDs, the larger 3PA cross sections in the doped ZnSe QDs are attributed to the degeneracy between two-photon transitions to the states of metal ions in the band gap and three-photon transitions to the excitonic states. 14 In summary, we have demonstrated that both 2PA and 3PA in the vicinity of half of the lowest exciton in colloidal ZnSe QDs can be unambiguously determined with a combination of Z scans and PL measurements excited by femtosecond laser pulses. This work is supported by National University of Singapore ͑Grant No. R-144-000-213-112͒.
